Abstract-Urinary incontinence is the involuntary loss of urine that creates a social or hygiene problem, which has detrimental effects on quality of life. Detrusor smooth muscle instability is a major cause of Urinary Incontinence. Different ion channels within bladder detrusor smooth muscle play a role in generating electrical activities such as action potentials and synaptic depolarizations. The aim is to establish a computational model of sufficient biophysical detail to simulate detrusor action potential and thereby inform future experimental investigations of pathophysiological mechanisms governing normal and dysfunctional bladder activities. In line with recent experimental evidence, adapting the HodgkinHuxley formulation in the NEURON platform, we construct mathematical models for seven ionic currents of detrusor smooth muscle, where the magnitudes and kinetics of each ionic current are described by differential equations, in terms of maximal conductances, electro chemical gradients, and voltagedependent activation/inactivation gating variables. 
INTRODUCTION
The International Continence Society has defined urinary incontinence (UI) as a condition in which involuntary loss of urine is objectively demonstrable and is a social or hygiene problem [1] . Among different types of UI, bladder over activity is one, which is associated with a strong urge to urinate and correlates with an overactive detrusor smooth muscle (DSM) [2] . The factors regulating the overactive DSM are still unclear, but it is also well known that electrophysiological phenomena play a precise role in regulating the detrusor over activity. Spontaneous contractile activity is recorded in DSM strips from all species, including humans, although the number of strips showing activity and the frequency of the contractions varies considerably between species. Membrane electrical activity in the form of synaptic potentials and action potentials (APs) plays an important role in initiating DSM contraction by permitting influx of Ca 2+ through voltagegated Ca 2+ channels [4, 18] . The resting membrane potential (RMP) of DSM cell becomes continuously more positive in over activity [13, 15] . APs can occur spontaneously or be evoked by external stimulation. The ion channels, as dynamic gate keepers of membrane permeability, regulate both resting membrane potential and its dynamic change during AP formation. So, an improved understanding of the electrophysiological complexity of the DSM cell would assist in the task of developing better targeted therapies for UI. Computational models can succinctly describe the interactions among various ion channels and allow the user to investigate the contribution of each ion channel to the overall observed cellular electrical behavior. Computational models for the DSM are at a relatively nascent stage. This paper presents the first biophysically based model of DSM AP which integrates some ionic currents underlying the electrogenic processes in detrusor. This single cell model can be subsequently coupled to other active ionic currents and a syncytium model to examine hypotheses concerning the generation of UI.
II. METHODS
Formulation of a conceptual model, which is expressed in a mathematical form, is the first step in translation of a physical system to a computational model. Here the . The membrane resistance (R m ) is 138MΩ-cm 2 and axial resistance is 181Ω-cm [15] . The time dependence of the membrane potential is governed by (1) where V m (in mV) represents the transmembrane potential, and I ion (in pA) represents the sum of the ionic currents crossing the cell membrane. 
Most of the membrane currents were modeled with Hodgkin-Huxley type formulation in equation (3):
where ̅ is maximum conductance, E rev is the ion's reversal potential, the dimensionless gating variable 'm' describes the voltage-and time-dependent activation and 'h' is the inactivation of the channel conductance . The variation of each gating variable (m or h) can be expressed by first order differential equation (4) (4) where m ∞ , the steady-state value, and τ m , the time constant, are functions of voltage and/or ionic concentrations.
Here the inactivation and activation steady state of all ion channels are described by Boltzman equation.
Where V 1/2 is the half activation potential and S is the slope factor. For our model, both V 1/2 and S are taken from the published experimental data.
APs were induced in the whole cell model by applying an external stimulus current (I st ) as brief rectangular pulses. All equations are mentioned in appendix.
III. RESULTS

A. L-type Calcium current (I CaL )
I CaL has been shown to carry the major inward current in DSM cells [3, 4, 7, 11, 12, 16, and 17] . I CaL first appears at V ≈ -30 to -20mV; the peak of the current-voltage (I-V) relationship arises at V≈ 10mV.
The half-activation potentials for both activation and inactivation are -3.4 mV and -24.8 mV. Mean current density at the peak of the current-voltage relationship in guinea-pig DSM is 1.6 pA.pF -1 [17] . L-type calcium channels in other cell types have been shown to be permeable to other cations but there are no data specific to detrusor cells. Thus, the Goldman-Hodgkin-Katz formulation commonly used in other excitable cell models is not used here; instead, E CaL in the model is fixed at 45mV as suggested for another smooth muscle model [19] .
The equations of I CaL incorporate an activation gating variable (b) and an inactivation gating variable g. The I CaL is simulated using the voltage clamp method for 200 ms duration. The holding potential is -80mV. Simulated tracings of I CaL are shown in figure 2 (A) . Properties of I CaL are derived from experimental data of human and guinea pig detrusor muscle cells [16] . Fig 2 (B) shows the value of activation and inactivation parameter with respect to membrane potential. Filled square represents steady state inactivation and filled triangle represents steady state activation from experiment [16, 17] .
B. T-type Calcium current (I CaT )
I CaT has been reported in DSM cells to first appear at V≈ -60mV [16, 17] , the peak I-V relationship occurs between -20mV and -30mV, and published raw data current tracings indicate a fast activation but with inactivation time constant varying between 7-35 ms. Figure 3 (A) shows simulated I CaT at different V stepped from holding potential of -100mV to +10mV . Fig 2(B) shows the value of activation and inactivation parameter with respect to membrane potential. Filled square represents steady state inactivation and filled triangle represents steady state activation from experiment [16, 17] . E CaT is fixed at 45mV to match the experimental values. The simulated peak current for I CaT is ≈ -1.5pApF -1 at V = -10mV from a holding voltage of -80mV which is similar to that in human DSM cells. We have implemented the electrophysiological data of several major types of potassium currents characterized from detrusor muscle cells of rat, mouse, guinea pig and human [8, 10, 11, 18] . These channels are essential to modulate the repolarization phase of AP and to maintain the RMP. Potassium currents have been classified by their activation properties and sensitivity to pharmacological blockers. These currents are due to voltage-gated potassium currents, a delayed rectifier type transient potassium current and Ca 2+ -activated potassium currents (I K(Ca) ) [14] .
For modeling voltage-gated potassium current according to Hodgkin Huxley formalism, equation parameters are taken from [18] . In the Appendix, q is activation variable, r1 and r2 are slow and fast inactivation variable for voltage gated k + channel equations. For calcium activated K + channels, data are taken from [10, 11] , and modeling was adapted from [19] in order to code for voltage and Ca 2+ gating.
D. Intracellular ion concentrations
Intracellular Ca 2+ levels are of primary importance in DSM cell as one of the key drivers of their electrical as well as contractile function. Ca 2+ enters the cell through membrane Ca 2+ channels (L-type and T-type) and is primarily extruded out of the cytoplasm by the pump and Na + -Ca 2+ exchanger. The total intracellular Ca 2+ concentration as a function of time is given by modulation of internal calcium concentration by calcium currents and pump. Differential equations are used to model the Ca-ATPase pump using simple Hill equation: (6) where, K t is maximum pump rate (units of moles per second), K d is dissociation constant and n is the Hill coefficient.
E. AP Simulation
Action potential was induced in the whole cell model by applying an external stimulus current (1-3nA), as a brief square pulse (0.5-1ms). Seven numbers of active conductances are incorporated to the model. The DSM cell model is excitable and responds to both current and synaptic input stimulus with an all-or-none AP. A 3nA current for 0.6 ms is injected to get the first spike with this model. The voltage threshold is ≈ −30mV. Figure 4 presents the comparison between simulated AP (B) and experimental spike (A) obtained from DSM literature [8] . Table 1 compares simulated AP with experimental one [8] in terms of RMP, peak amplitude, AP duration and AHP (after hyperpolarization potential).
IV. CONCLUSIONS
Our electrophysiological DSM cell model is built upon canonical ionic current expressions characterized by Huxley and Hodgkin and the data available in the literature on DSM physiology. The AP generated from simulation resembles the AP from experiment up to a great extent. 
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